Introduction {#section5-1947603512463226}
============

Our aging, physically active population has resulted in a high prevalence of articular cartilage defects.^[@bibr1-1947603512463226],[@bibr2-1947603512463226]^ These defects, if left untreated, can result in premature degenerative arthritis. The appropriate management of articular cartilage defects remains an unsolved problem. The biology of human articular cartilage precludes repair as condrocytes, although metabolically active, do not have the ability to respond to or repair local injuries. The inability of articular cartilage to heal was first described by Scottish physician William Hunter who, in a paper presented to the Royal Medical Society stated, "an ulcerated cartilage is a troublesome problem and once destroyed, it never repairs." Today, although many treatment options are available, none have resulted in the complete regeneration of 3-dimensional articular cartilage.

To address the limitations of current chondrocyte-based cartilage repair techniques, recent advances have been made leading to the development of second- and third-generation autolgous chondrocyte implantation (ACI) techniques for the management of symptomatic chondral lesions. These newer generation ACI methods make use of 3-dimensional matrices that eliminate the need for periosteal flaps. Other innovative technologies that allow for the immediate implantation of harvested chondrocytes, thus eliminating the need for a second procedure, have also been devised. In this review, we describe 7 new techniques for articular cartilage defect repair. These methods are not currently approved by the Food and Drug Administration for use in the United States but have shown promising results in clinical trials in and outside the United States.

Methods {#section6-1947603512463226}
=======

A PubMed search was performed using the phrase "Autologous Chondrocyte Implantation" alone and with the words second generation and third generation. PubMed and clinicaltrials.gov were searched for the names of the 7 specific procedures (BioCart II, MACI, Cartipatch, NeoCart, Hyalograft-C, ChondroCelect, CAIS,). Additionally, the 7 individual company websites were examined for information pertaining to Food and Drug Administration status. For the purpose of this review, we divided the 7 methods into procedures requiring 2 separate operative procedures (2-step) and 1 operative procedure (1 step).

Two-Step Procedures {#section7-1947603512463226}
===================

BioCart II (Histogenics Corporation, Waltham, MA) {#section8-1947603512463226}
-------------------------------------------------

The BioCart system uses a laboratory protocol where autologous chondrocytes harvested arthroscopically are cultured with autologous human serum and a cell growth factor, FGF2v1. The cells are then isolated and seeded into a fibrin--hyaluronan matrix (plasminogen-free fibrinogen and thrombin with hyaluronic acid), which is implanted into the cartilage defect in a second surgical procedure using a mini-arthrotomy.^[@bibr3-1947603512463226],[@bibr4-1947603512463226]^

Preliminary studies have demonstrated the feasibility of the implantation procedure and the lack of adverse events at 1-year follow up. Clinical improvement based on Lysholm and International Knee Documentation Committee (IKDC) scores^[@bibr5-1947603512463226]^ have also been documented.^[@bibr4-1947603512463226]^ Additionally, evidence based on T2-mapping and dGEMRIC analysis demonstrated repair tissue similar to hyaline cartilage.^[@bibr6-1947603512463226]^ More recently, Eshed *et al*.,^[@bibr8-1947603512463226]^ reported on 31 patients (24 female and 7 male), with a mean age of 33.6 years who were evaluated at a mean time of 17.3 months postoperatively. All the patients received BioCart II for a single full thickness cartilage defect of the femoral condyle secondary to trauma or osteochondral defect. The results showed clinical improvement using IKDC score, morphological improvement using MRI and MOCART^[@bibr7-1947603512463226]^ scoring for patients with a smaller implant size (\<3 cm^2^) and biochemical evidence using T2-mapping that showed distinct organizational layering typical of hyaline cartilage.^[@bibr8-1947603512463226]^ The limitation to the 2011 article by Eshed *et al*. is that as a cross-sectional retrospective analysis, it lacks preoperative/baseline MRI and does not compare the results following BioCart II to a control group.

Currently, BioCart II is available in Israel. A multicenter phase II clinical trial in the United States comparing BioCart II with microfracture is underway, with an estimated study completion date of May 2015.^[@bibr9-1947603512463226]^

Matrix-Induced ACI (Sanofi US, Bridgewater, NJ) {#section9-1947603512463226}
-----------------------------------------------

Matrix-induced ACI (MACI) is a 2-stage procedure where cartilage is harvested from a non-weight-bearing region and sent for chondrocyte isolation, proliferation, and seeding into a biodegradable scaffold over a 4-week period. MACI's implant consists of a purified and cell-free porcine collagen I/III membrane. One side of the membrane is compact and is implanted facing into the joint, whereas the other side is porous (to offer an environment for cell seeding) and is implanted facing the bottom of the lesion.^[@bibr10-1947603512463226]^ Once the implant has been prepared, it can be glued into the chondral defect through a mini-arthrotomy. Commonly, a fibrin glue is used to seal the implantation site.^[@bibr11-1947603512463226][@bibr12-1947603512463226]-[@bibr13-1947603512463226]^

The composition and design of the MACI implant was postulated to improve tissue quality and outcomes as compared with first-generation ACI. Complications due to the periosteal flap used in the original ACI technique include the need to harvest periostium from the tibia and suture the flap into healthy articular cartilage, the uneven distribution of chondrocytes under the flap, graft failure, delamination, and periosteal hypertrophy.^[@bibr14-1947603512463226][@bibr15-1947603512463226]-[@bibr16-1947603512463226]^ A small randomized control trial compared the original ACI with MACI and reported that although MACI was not superior to the original ACI in clinical scores, MACI repaired lesions had more homogenous repair tissue than did first generation ACI repaired defects on MRI imaging.^[@bibr14-1947603512463226]^

A prospective randomized study compared MACI with ACI with a collagen cover (ACI-C). ACI-C was thought to be an improvement on the first generation ACI. This study showed significant improvement in reported scores with both MACI and ACI-C but no significant difference between the 2 methods.^[@bibr17-1947603512463226]^ In the most recent prospective clinical study, Basad *et al.*,^[@bibr18-1947603512463226]^ randomized 60 patients, aged 18 to 50 years, to MACI versus microfracture, and followed them over a 2-year period. They reported that MACI was significantly more effective than microfracture after 24 months, although both groups had significant improvement from baseline.^[@bibr18-1947603512463226]^ This study used Tegner,^[@bibr19-1947603512463226]^ Lysholm,^[@bibr20-1947603512463226]^ and ICRS (International Cartilage Repair Society)^[@bibr21-1947603512463226]^ scores in their outcome assessment. The major limitation to the study is the subjective nature of the self-reported surveys used to evaluate improvement of the knee joint. MRI was not used as part of the protocol to evaluate the grafted area.

Currently, MACI is available in Europe, Asia, and Australia.^[@bibr22-1947603512463226]^ Recently, Sanofi announced that MACI showed significant improvement versus microfracture in a primary endpoint, with preliminary results to follow in early 2013.^[@bibr23-1947603512463226]^ This is a randomized, open-label, parallel-group, multicenter study in 144 patients aged 18 to 55 years. The aim of the study is to follow patients up to 5 years and to document adverse events, functional and pain outcomes, arthroscopic and histologic evaluation, and MRI. Patients will continue to be followed by an extension trial that has an estimated completion of May 2015.^[@bibr24-1947603512463226]^

Cartipatch (Tissue Bank of France, Lyon, France) {#section10-1947603512463226}
------------------------------------------------

Cartipatch is another 3-dimensional scaffold that requires arthroscopic cartilage harvest, laboratory isolation and culture, and follow-up mini-arthrotomy.^[@bibr25-1947603512463226]^ Cartipatch's chondrocyte suspension scaffold consists of an agarose-alginate hydrogel.^[@bibr25-1947603512463226],[@bibr26-1947603512463226]^ Advantages of this approach include the ability of the hydrogel to mold to the shape of the defect and the even distribution of chondrocytes within the implant.^[@bibr10-1947603512463226]^ A phase II prospective multicenter clinical trial reported on 17 patients, ages 17 to 42 years, who underwent the Cartipatch procedure and were followed for 2 years. The outcomes were measured with IKDC score,^[@bibr5-1947603512463226]^ postoperative MRI, ICRS arthroscopic score,^[@bibr27-1947603512463226]^ histologic O'Driscoll,^[@bibr28-1947603512463226]^ and ICRS^[@bibr27-1947603512463226]^ score at final follow-up. The study reported significant improvement in subjective score and a significant decrease of the defect size on MRI. Arthroscopic evaluation showed 11 out of 13 patients with normal to nearly normal findings and histological assessment showed predominantly hyaline-like cartilage in 8 out of 13 patients. There was a strong correlation between subjective IKDC clinical score and ICRS arthroscopic score, but no correlation could be established between IKDC clinical score and histologic score.^[@bibr25-1947603512463226]^ The limitations to the study are the lack of comparison with a standard control technique and the small sample size. In addition, the MRI evaluation was not scored using an established scoring system such as MOCART.^[@bibr7-1947603512463226],[@bibr29-1947603512463226]^

Currently, Cartipatch is in a phase III trial being conducted in France, where it is being compared to Mosaicplasty, which had an estimated completion date of December 2012.^[@bibr30-1947603512463226]^ Another phase III trial in Europe comparing Cartipatch to microfracture has not yet completed patient recruitment.^[@bibr31-1947603512463226]^

NeoCart (Histogenics Corporation, Waltham, MA) {#section11-1947603512463226}
----------------------------------------------

The NeoCart implant is a bovine type I collagen 3-dimensional honeycomb matrix. The chondrocyte culturing procedure is unique in that the seeded implant is further processed in a bioreactor in "exacting conditions of high pressure, oxygen concentration and perfusion."^[@bibr32-1947603512463226]^ The culture conditions aim to mimic the environment of the knee in order to encourage chondrocytes to synthesize glycoproteins. The laboratory procedure, as described, required 6 to 9 weeks.^[@bibr33-1947603512463226],[@bibr34-1947603512463226]^

A phase I trial reported no major adverse events, a significant decrease in the visual analogue score, improvement in IKDC score in 7 of 8 patients, an increase in knee range of motion in 7 of 8 patients, and good to complete defect fill in 6 of 8 patients on MRI performed at 2-year follow-up.^[@bibr33-1947603512463226]^ Recently, Crawford *et al.*,^[@bibr34-1947603512463226]^ published the results of a phase II randomized control trial comparing 21 patients treated with NeoCart with 9 patients treated with microfrature. After 24 months, patients who received NeoCart had significantly greater improvement than those who were treated with microfracture based on IKDC, visual analogue score, Knee Injury and Osteoarthritis Outcome Score (KOOS) pain and sports scores. The study did not, however, look at histological or image based outcomes.

Currently, a phase III trial is underway in the United States. It aims to randomize 245 patients to NeoCart or microfracture and has an estimated completion date of March 2015.^[@bibr35-1947603512463226]^

Hyalograft C Autograft (Anika Therapeutics, Bedford, MA) {#section12-1947603512463226}
--------------------------------------------------------

Hyalograft C is a 3D nonwoven graft consisting of an esterified derivative of hyaluronic acid, known as Hyaff 11 (Anika Theraputics, Bedford, MA).^[@bibr36-1947603512463226]^ The proponents of Hyalograft C point to data demonstrating that chondrocytes seeded on Hyaff 11 produce collagen type II and aggrecan, which are components of articular cartilage.^[@bibr37-1947603512463226]^ According to Anika Therapetucs, the Hyaff-based scaffold spontaneously releases hyaluronic acid on degradation, which promotes integration and maturation of the graft.^[@bibr38-1947603512463226]^

In a prospective, nonrandomized 5-year follow-up study, patients treated with Hyalograft C had significantly better improvement in clinical IKDC subjective and objective score than patients treated with microfracture.^[@bibr39-1947603512463226]^ In a subsequent study, Kon *et al*.^[@bibr40-1947603512463226]^ confirmed these findings and reported complete filling of the cartilage defect in 26 out of 40 patients using MRI in combination with the MOCART scoring scale. They also statistically correlated their clinical findings with their MRI findings.^[@bibr40-1947603512463226]^ Similar clinical and MOCART results were reported in a 7-year follow-up case series.^[@bibr41-1947603512463226]^ In another study, Kon *et al*.^[@bibr42-1947603512463226]^ prospectively compared Hyalograft C with microfracture in 40 male professional or semiprofessional soccer players at 2 and 7.5 years postoperation. Although they reported similar percentage return to competition (average 83%) in both groups, those treated with Hyalograft C had significantly longer time to recovery but sustained better clinical results (ICRS score) than those treated with microfracture.^[@bibr42-1947603512463226]^

Currently, Hyalograft C is being marketed in Italy and other European countries. It is not available in the United States and a search of clinicaltrials.gov yields no results.^[@bibr38-1947603512463226],[@bibr43-1947603512463226]^

ChondroCelect (TiGenix, Leuven, Belgium) {#section13-1947603512463226}
----------------------------------------

ChondroCelect (CC) is a unique cell-based cartilage repair technique that uses a procedure called characterized chondrocyte implantation (CCI). With CCI a gene expression score is used when isolating and expanding the autologous chondrocytes in a laboratory. The ChondroCelect score was developed to predict the cells ability to form stable products, such as hyaline cartilage, necessary for cartilage growth *in vivo*.^[@bibr44-1947603512463226],[@bibr45-1947603512463226]^ However, CC has mostly been studied using the first-generation periosteal flap ACI technique.

The most recent randomized clinical trail comparing CC with microfracture was published in 2011 and consisted of 51 patients with grade III and IV lesions of the femoral condyle who were treated with CC and 61 in the microfracture arm.^[@bibr46-1947603512463226]^ These patients were followed for 5 years using the overall Knee Injury and Osteoarthritis Outcome Score (oKOOS).^[@bibr47-1947603512463226]^ Reported results showed a significant overall improvement in oKOOS scores from baseline in both arms but no significant difference in CC versus microfracture. There was a significantly better improvement in those patients treated with CCI whose symptom onset occurred less than 3 years prior to surgery. This study suggests that time since onset of symptoms is an important variable in considering CC as a treatment option. The study also looked at adverse events, which were comparable between the 2 arms. However, patients treated with CC had significantly more joint crepitation from 36 months on than the microfracture group did (9.3% for CC vs. 0% for microfracture).^[@bibr46-1947603512463226]^ An extension study expanded the sample size to 264 patients treated with CC, but this study was retrospective and not a randomized control trial compared with a standard treatment. This publication reported 89% of patients with a therapeutic effect after an average of 2.2 years of follow-up based on a clinical global impression for efficacy scale.^[@bibr44-1947603512463226]^

Currently, CC is approved in Europe but not in the United States. The phase III clinical trial has been completed and has results as described.^[@bibr46-1947603512463226]^ However, despite some positive reported results, there are still concerns about CC. There was no significant difference between CC and microfracture outcomes and there were more complications reported with CC. These may be due to the use of first-generation ACI technique with CC but could also be due to the complexity of the CC/ACI procedure. In addition, CC is more expensive than microfracture, thus calling into question the cost-effectiveness of this procedure.

In a follow-up study, Gerlier *et al.*,^[@bibr48-1947603512463226]^ with funding from TiGenix, reported on the cost-effectiveness of CC. Based on 5-year outcomes from the phase III randomized control trial, and on literature that reported on the incidence of osteoarthritis, the need for total knee replacement, and the rate of revision, the authors established a 40-year decision tree model to compare CC with microfracture. The authors report that CC cost an additional €16,229 per quality adjusted life year as compared with microfracture, a figure which they deemed to be cost-effective if the correlation between hyaline cartilage repair tissue and the avoidance of osteoarthritis and total knee replacement could be verified in the long term.^[@bibr48-1947603512463226]^ This holds true for all autologus chondrocyte techniques, which carry a high cost, but have the potential to alter the progression of acute articular cartilage injury to chronic joint deterioration, potentially leading to long-term cost-effectiveness.

Unfortunately, current evidence regarding CC and all the later generation ACI techniques are mostly based on clinical trials that are limited by the number of participants and follow-up time, although future research is trending toward improved study design.

Single-Step Procedures {#section14-1947603512463226}
======================

Cartilage Autograft Implantation System (DePuy Mitek, Raynham, MA) {#section15-1947603512463226}
------------------------------------------------------------------

Cartilage Autograft Implantation System (CAIS) represents another type of advanced generation ACI. In a single procedure, hyaline cartilage is arthroscopically harvested from a non-weight-bearing portion of the knee followed by placement of the harvested tissue into a device that minces the cartilage into 1- to 2-mm pieces. The minced cartilage is uniformly dispersed into a biodegradable scaffold, which is made of 35% polycaprolactone and 65% polyglycolic acid reinforced with a polydioxanone mesh. The implant is then molded and implanted into the defect with the cartilage fragments facing the subchondral bone and then affixed with biodegradable staple anchors.

Recently, Cole *et al.*^[@bibr49-1947603512463226]^ reported positive results for CAIS versus microfracture in a prospective randomized control trial of 29 patients conducted at 5 different medical centers in the United States. Based on IKDC and KOOS scores, patients undergoing CAIS had significantly better results after 24 months than those patients who were treated with microfracture.^[@bibr49-1947603512463226]^ However, there was little to no significant difference in MRI qualitative analysis, and no quantitative imaging was done. Additionally, the authors acknowledged the need for second look arthroscopy or biopsy to demonstrate the growth of articular cartilage after the CAIS procedure.

Currently, a large multicentered randomized control phase III trial of CAIS versus microfracture is ongoing and recruiting patients in the United States. The estimated enrollment is 364 patients with an estimated completion date of December 2016.^[@bibr50-1947603512463226]^

Discussion {#section16-1947603512463226}
==========

With our physically active, aging population, articular cartilage defects represent an increasingly prevalent and concerning problem.^[@bibr1-1947603512463226],[@bibr2-1947603512463226]^ Articular cartilage lacks the ability to regenerate because of it being avascular, aneural, alymphatic, and having low cellularity. Furthermore, chondrocytes have a low proliferation potential and their ability to respond to mechanical, chemical, and pharmacological factors decreases with age.^[@bibr10-1947603512463226]^

As full-thickness defects in articular cartilage continue to pose a challenge to treat, new methods of repair are being researched. Although prior cartilage repair techniques have been shown to have positive results, newer methods have been developed in an attempt to eliminate the limitations of first-generation approaches, such as periosteal graft failure, delamination, and periosteal hypertrophy.^[@bibr16-1947603512463226]^ The newer techniques have been successful at eliminating these complications and there is some evidence for improved tissue quality with the newest generation techniques. However, more randomized clinical studies comparing newer generation autologous techniques with currently used standard repair methods over longer periods of time need to be conducted to demonstrate long-term tissue longevity and overall effectiveness in order to justify the cost of these newer approaches.

Since full-thickness articular cartilage defects are thought to predispose to the early onset of degenerative osteoarthritis, there is potential for the newer generation cell based cartilage repair techniques to be cost-effective in the long term. This is predicated on the reduction of the progression of osteoarthritis and the delayed need for total joint arthroplasty.^[@bibr10-1947603512463226],[@bibr51-1947603512463226]^ Thus far, there are limited data on the incremental cost-effectiveness, defined as the increased cost per unit of beneficial outcome. As research on ACI continues, the initial price of ACI as compared to the potential long-term physiological benefit and reduction of long term cost should be considered.

The products discussed in the current review differ with respect to the scaffold used. Although all are 3 dimensional, the composition of each matrix differs. Future studies should compare the scaffolds based on chondrocyte expansion and the ability to effectively integrate into the defect site and with the adjacent articular cartilage. Additionally, some products have unique culturing processes allowing for the potential to combine the beneficial aspects of different procedures. By selecting for chondrocytes with a higher rate of proliferation and metabolic activity, techniques like ChondroCelect may foster a more durable repair tissue. Current evidence compares ACI to a standard technique, mostly microfracture. Future randomized control trials should compare the techniques reviewed here with each other to demonstrate which scaffold or procedure is superior, especially in larger defects where microfracture is insufficient.

Symptomatic articular cartilage defects continue to be a complex problem for the treating orthopedic surgeon to effectively manage. During the past few years, significant progress has been made with respect to techniques for surgical repair of these lesions. Advances in tissue engineering, scaffolds and autologous chondrocyte culturing may hold promise in our quest to alter the natural history of symptomatic chondral disease. The recent development of newer generation autologous products and procedures has brought us one step closer to this goal.

Summary {#section17-1947603512463226}
=======

  Name            FDA Clinical Trial Status (Estimated Completion)^[@bibr43-1947603512463226]^   Three-Dimensional Matrix Description                                                                          Chondrocyte Preparation Method                                                                                                                                 Number of Procedures and Time Between Procedures                                     Best Outcome
  --------------- ------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------
  BioCart II      Phase II (May 2015)                                                            Plasminogen-free fibrinogen and thrombin with hyaluronic acid^[@bibr4-1947603512463226]^                      Autologous human serum and FGF2v1^[@bibr4-1947603512463226]^                                                                                                   2; 3-6 weeks apart                                                                   Significant improvement in clinical and T2 MRI score after 17 months^[@bibr8-1947603512463226]^
  MACI            Phase III (May 2015)                                                           Cell-free porcine collagen I/III^[@bibr12-1947603512463226]^                                                  Laboratory culture (no specific protocol)                                                                                                                      2; 4-6 weeks apart                                                                   Significantly clinical improvement vs. microfracture after 24 months^[@bibr18-1947603512463226]^
  Cartipatch      Phase III (December 2012, December 2011)                                       Agarose-alginate hydrogel^[@bibr25-1947603512463226]^                                                         Washed 3 times and cultured with culture medium supplemented with 10% autologous serum, ascorbic acid, fungicide, and antibiotic^[@bibr25-1947603512463226]^   2; 3 weeks                                                                           2-year follow-up in 17 patients showed significant clinical improvement and 8/11 patients with histologic hyaline-like cartilage^[@bibr25-1947603512463226]^
  NeoCart         Phase III (March 2015)                                                         Type I collagen matrix^[@bibr33-1947603512463226]^                                                            Cultured in high-pressure bioreactor^[@bibr33-1947603512463226]^                                                                                               2; 6-9 weeks^[@bibr33-1947603512463226],[@bibr34-1947603512463226]^                  Significantly superior to microfracture after 24 months based on clinical scores in 30 patients^[@bibr34-1947603512463226]^
  Hyalograft-C    No ongoing clinical trial                                                      Hyaff 11 (ester of hyaluronic acid)^[@bibr36-1947603512463226]^                                               Expanded *in vitro* and cultured in scaffold^[@bibr36-1947603512463226]^                                                                                       2; 2 weeks^[@bibr36-1947603512463226]^                                               Significant clinical improvement from baseline and complete filling of defect on MRI in 57% of lesions after 7-year follow-up^[@bibr41-1947603512463226]^
  ChondroCelect   Phase III published                                                            No specific matrix. Cells cultured after gene marker profile analysis                                         Given score based on gene expression profile to predict ability to form hyaline cartilage^[@bibr45-1947603512463226]^                                          2; 4 weeks^[@bibr45-1947603512463226]^                                               89% (234/264) of patients had clinical improvement after 2.2 years^[@bibr44-1947603512463226]^
  CAIS            Phase III (December 2016)                                                      35% polycaprolactone, 65% polyglycolic acid, reinforced with polydioxanone mesh^[@bibr49-1947603512463226]^   Devise minces cartilage and distributes into scaffold intraoperatively^[@bibr49-1947603512463226]^                                                             1 (harvest and implantation during the same procedure)^[@bibr49-1947603512463226]^   Significant improvement in clinical score vs. microfracture after 2 years^[@bibr49-1947603512463226]^
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